Abstract. High-resolution spectra in the Na I D-line region for target stars with R Coronae Borealis type variability are analyzed. Two types of relations between light weakening and equivalent widths of circumstellar lines are found, one of them being considerably di erent from a similar relation for the interstellar medium.
INTRODUCTION
Circumstellar dust/gas shells of some stellar types are important sources of interstellar matter. Thus, it is correct to expect that the optical properties of circumstellar and interstellar media are the same. A number of relations between optical properties of matter in the continuum and in spectral lines are known for the interstellar medium and are used to estimate some parameters which cannot beobtained by direct observations (Burnashev 1999 and references therein). The nding of such relations for circumstellar (CS) shells is connected with certain di culties, particularly { in determination of the shell parameters. Fortunately, there are objects in which the determination of these parameters can be carried out with su cient con dence, as for these objects there are two di erent states: with the CS shell on the line of sight and without it. Such objects are the stars with R Coronae Borealis (RCB) type variability.
Stars with RCB type variability are characterized by the temporal light declines to minima with the depths up to 8 mag. The cause of these light minima is associated unambiguously with dust condensation on the line of sight. The dust is blown away from the star by radiation pressure. Stellar parameters in the quiet state, the so-called light maximum, have a small variability in comparison with their variation during the active state, and they are believed to experience no in uence of the light minima. At least, no such in uence has been found up to now. This fact supports the wide-spread opinion (for details and references see Clayton 1996) that the dust of the CS shell has a form of clouds and the light minimum is a consequence of the formation of such a cloud on the line of sight. Rosenbush (1996 Rosenbush ( , 2001b brings arguments in favor of a uniform distribution of matter in the CS shells of stars with RCB type variability. Both approaches agree that at the nal stage of a light m i n i m um any structure acts as a dust/gas layer with respect to the star and the observer. We will use this concept hereafter. Therefore, the di erence of the observed stellar parameters in the light minima and maxima is attributed to the in uence of a temporal dust/gas layer on the line of sight. The history of photometry of stars with RCB type variability shows that their color indices increase at the nal stage of a light minimum. One of the most studied characteristics is the ratio of the weakening of the star V and the color excess E B;V : R = V = E B;V . According to the most complete research of Skuljan et al. (2003) , the ratio R for CS shells of stars with RCB type variability on the average is close to R for interstellar medium: the values being 3.4 and 3.2, respectively. For interstellar medium, there is also a relation between E B;V and the equivalent width E Wof the absorption Na I D-lines (Barbon et al. 1990 ): E B;V 2:5 E W, w h e r e E Wis in nanometers.
We looked for a relation similar to that of Barbon at al. in our objects because the intensive CS lines are observed in them at the nal stage of light minimum. They have a signi cant blue shift which corresponds to an out ow velocity up to 300 km/s and more. The resonance lines of sodium, which due to their doublet nature are easily identi ed in the stellar spectrum, are observed most frequently. This study is based on our spectral high-resolution observations of target stars with RCB type variability at nal stages of their light minima and at light maxima, as well as on the published data of other authors.
OBSERVATIONS
High-resolution spectra were obtained in 1998{2002 with the Coude spectrograph of the 2.6 m ZTSh telescope of the Crimean Astrophysical Observatory (with a resolution of 40 000) and with the Coude-Echelle spectrometer of the 2 m telescope of the AMER International Center Observatory (North Caucasus, Russia) (with a resolution of 45 000 and 90 000) (Musaev et al. 1999 ) ( Table 1) .
The Crimean observations were carried out mainly with a CCD having 1024 480 pixels. A 6.4 nm area centered on the Na I D lines was recorded. A CCD with 576 385 pixels was used in the 2000 observing run, and the recorded area was 3 nm only. The signalto-noise ratio S=N was >100 for bright stars for an exposure time of 20{30 minutes. The S=N ratio for faint stars was as small as 40. Some of the spectra were obtained by superposition of several images. The instrumental pro le had the full width at half-maximum (FWHM) from 0.015 nm for the 0.2 mm slit to 0.046 nm for the 1.0 mm slit. A Th-Ar spectrum was used for the wavelength calibration. Radial velocities of stars were obtained from measurements of 5{7 lines with an average uncertainty better than 1.0 km/s.
As our goal was a search for the lines of circumstellar origin, disappearing at the end of a light m i n i m um, the spectral continuum level in the target stars with their rich line spectra had to be drawn with greater accuracy. Besides, the stellar spectrum is distorted by a n umber of telluric lines of water vapor. The stars of early spectral types were exposed to take these uncertainties into account.
All corrections (for at eld, cosmic rays, barycentric motion, etc.) were made with the use of the software complex of the Crimean AO including the SPE (Spectral Processing Engine) package. The correction for radial velocity o f star was also made.
Recording of the spectra, obtained with the 2 m telescope, was made with the 1242 1152 and 1034 1034 pixel CCDs on the Modi ed Julian Dates (MJD) 1572 and 1930, respectively. The spectrograph slit was 0.3 mm and 0.7 mm for these dates. The initial reduction of images was carried out with the DECH code being used at the Special Astrophysical Observatory of the Russian Academy o f Sciences. The nal reduction of the D line area was done with the SPE package.
THE RESULTS
The state of the stars was monitored according to the VSNET visual observations (http://www.kusastro.kyoto-u.ac.jp/vsnet/). Our observations of stars with RCB type variability c o ver a wide range of light weakening including the state of the next light maximum. For the normal brightness of the star we took its commonly accepted average visual brightness at light maximum or the average brightness of the star before the current l i g h t minimum to which our observations are related.
The CS lines appear at light minima as broad lines corresponding to the matter out ow velocities from 0 to 300 km/s and more ( Figure 1 ) (for details see Rosenbush 2001a) . During recovery to the normal state the CS lines become weaker and narrower and have a blue shift corresponding to a velocity of 280 km/s as, for instance, in the SU Tau spectrum (Figure 1 ). In this spectral region the following faint C S a r e seen: Ni II 588.2879 nm, C I 588.3717 nm + F e I 588.3813 nm, Ni II 588.4867 nm + Cr I 588.5068 nm (possible identication), Nd I 588.6216 nm. However, it is di cult to identify them due to the presence of faint photospheric lines and their blends. The unperturbed spectra which can be used for the identi cation of faint CS lines are available for R CrB (the rst line for this star in Table  1 ) and SV Sge (the second line for this star in Table 1 ). As a control unperturbed spectrum we also used the spectrum of XX Cam (Figure 1) , the star with close physical parameters but not displaying light minima. Only the line D2 area is given in Figure 1 . T h e C S D 1 line of the doublet is partially overlapped with the photospheric D2 line because of the high velocity of the matter out ow: the resulting pro le of these lines is more complicated and the identi cation of the CS line is sometimes impossible. Therefore we have analyzed the data for the D2 line only.
The procedure of measuring the equivalent width of a CS line was as follows. The R CrB, SU Tau and SV Sge spectra for the current date were divided by the unperturbed spectrum. In the case of SU Tau we have used the unperturbed spectrum of R CrB.] The E Wof the D lines in Table 1 was estimated by procedures of the SPE package. The uncertainty in the estimation E Wof the CS line depends on the continuum level drawn and on the accuracy of allowance for the contribution of photospheric lines. Both abovementioned blends have E Ws up to 0.006 nm, and the uncertainty o f drawing the continuum level can be as large as 50 % of this value. Therefore we adopted an uncertainty o f the E Wequal to 0.003 nm. The uncertainty in the light weakening was taken equal to 0.1 mag, as this parameter was estimated from visual observations. A comparison of the Table 1 data with the relation by Barbon et al. (1990) transformed to the V with the ratio R = 3.2 reveals their inadequancy. By supplementing our data with the published data for the target stars and other similar stars (Table 2) , we get con rmation of our preliminary conclusion that there are two relations between m and E W( Table 2 ).
and it has a slope coe cient which is greater by a factor of 1.4 than in the relation of Barbon et al. (1990) .
Our attention is engaged by the negative v alues of the free terms in these relations, although their values do not exceed 3 . Probably these values are realistic. Thus, the CS D2 line is obviously present in the R CrB's spectrum on MJD 2568 (Table 1) , although at that time and before the star was in the light maximum, and only two months later a decline of light has began. On MJD 2300{2500, when R CrB was also in the light maximum, we were able to suspect the presence of the CS line only for the last date of this time interval, but we could not estimate its E Wdue to low accuracy. The main contribution to the free term of Eq. (1) has been made by the data for the unique state of a minor light w eakening of R CrB during MJD 1570{1850.
For the derivation of Eqs. (1) and (2) not all available observational data have been used. First, our interest was related only to the nal phase of light minima, when stars have a stable tendency to recover to their normal state. Second, Figure 2 shows that the star positions corresponding to the greatest values of the light w eakening deviate widely from the analytic expressions. Probably this is the reason why the only point for RY Sgr has an intermediate position between the two relations. It is interesting that one of the R CrB points for the 1960 minimum satis es the linear relation.
DISCUSSION
The number of observations is not large enough for a de nite conclusion on the cause of the existence of two relations m = f(E W), however, some assumptions can be made. The di erent origin of the CS lines following one or another relation may be one of such causes. The spectral lines which were initially formed as broad ones (corresponding to out ow velocities of 0{300 km/s) and later were transformed into the narrow ones (the out ow v elocity range of 250{ 300 km/s) took part in the formation of relation (1). The lines which were always narrow and whose E Wvaried mainly due to varying line strength refer to relation (2). This di erence is quite well seen on the example of V854 Cen (Figure 22 and Figure 23 in Skuljan & Cottrell 2002) , whose CS lines appeared as several narrow components with di erent displacement velocities.
Non-zero E Ws of the CS lines at the zero weakening of a star is an important feature of our relations. We also may formally say that the zero value of E Wis reached at negative values of the star weakening. Notice that this occurs in both relations. This result can be explained within the framework of two existing models of the RCB type variability: the model of the cloudy structure of the CS dust/gas shell (Forrest et al. 1972 , Feast 1996 and the model of the uniform CS dust/gas shell (Rosenbush 2000 (Rosenbush , 2001a . According to the rst model, one of the dust clouds can appear on the line of sight only during the light minimum from its beginning to its nish the gaseous component of the CS shell is always on the line of sight. According to the second model, the dust of the CS shell is always on the line of sight, but it weakens the star only slightly.
For the rst model, our result means that the CS lines are observed in the absence of dust on the line of sight, and the brightness of the star is not weakened. Of course, some time after the light minimum the presence of these lines may be associated with the matter which has remained after the recently completed light minimum. However, for a moment well after the light minimum, i.e., in the complete absence of dust on the line of sight (as for the last date of our observations of R CrB on MJD 2568) we have to look for an explanation for the origin of high (about 280 km/s) velocity for the out ow of the pure gaseous matter connected with these absorption lines in the stars with photospheric temperatures less than 7000 K. The origin of such high velocities is usually related to dust and is explained by the drift of dust through gas (Fadeyev 1988) .
In the framework of the second model the above-mentioned formalism gains a real physical sense: there is always a dust layer (ignored in Figure 2 and in Column 3 of Table 1 ) which is responsible for non-zero free terms in Equations (1) and (2). The weakening of star in this dust layer is equal to these free terms, i.e., 0.08{0.17 mag. There is no need to look for a mechanism of acceleration of gaseous matter to high velocities, as the dust is always on the line of sight. The absence of the CS lines in some time periods may be connected, for instance, with increase of the dispersion of the CS matter out ow velocity which leads to the increase of line width and so to the decrease of its depth, and hence to the di culty in their identi cation among photospheric lines. Another possible explication of variable intensity of the CS lines is proposed below.
The weakening of the star light in a uniform dust/gas shell by 0.08{0.17 mag agrees well with other estimates of the optical thickness of the CS shell at 0.2{0.7 (Rosenbush 2000) and 0.2{0.4 (Yudin et al. 2002) .
From Table 1 we can estimate the ratio of the equivalent widths of D1 and D2 lines, and through this doublet ratio DR 1:9, following Vanture & Wallerstein (1995) and Skuljan & Cottrell (2002) , we derive the density of neutral sodium atoms n Na (about 10 13 cm ;2 ) o n the line of sight. On the other hand, through a light w eakening of 0.1 mag connected, with carbon particles having, for instance, a radius of 0.1 m, we obtain a carbon atom density n C of about 10 20 cm ;2 on the assumption that carbon is fully utilized in the dust condensation. Hence the relative n umber of Na and C atoms in the CS shell of a star with the RCB type variability is n C =n Na 10 7 . As this shell is formed in the matter out owing from the stellar photosphere, its chemical abundance should bethe same as in the photosphere, i.e., n C =n Na 10 3 (e.g., see Pavlenko 1999) . From a comparison of these values we can conclude that the sodium of the CS shell is completely ionized. A high stage of ionization may be one more cause of CS line variability, w h e n a s m a l l v ariation in the degree of ionization results in a considerably larger variation in the density of neutral sodium atoms. The cause of the high degree of ionization is a high kinetic energy of particles (atoms, molecules and dust grains) of the outowing matter in the shell layer when the out ow velocity reaches 280 km/s and more.
CONCLUSIONS
The important and self-evident result of this study is the nding of two relations between the weakening of stellar light and the equivalent width of the circumstellar lines in the stars with R Coronae Borealis type variability. Both relations, and one of them to a considerable degree, are di erent from the relation found by Barbon et al. (1990) for the interstellar medium. The existence of these relations supports the assumption often accepted in the analysis of this type of star (e.g., see Section 5 of Skuljan & Cottrell 2002 ) that the same structural feature of the circumstellar environment is responsible for both the star weakening and the origin of the CS lines.
Some problems which need further observations (or an additional analysis of the archive data) have appeared in the course of our research. What relation is followed by the star RY Sgr? How often can R CrB follow the linear relation? What is the cause of this ambiguity? Is a nonlinear relation valid for the interstellar medium?
The existence of the two relations presents a possibility for resolving the old problem: what kind of structure is the dust component of circumstellar shells, cloudy or uniform? The con rmation of the reality of negative terms in the analytic expressions for the ( m, E W) relations means that the dust component of the CS shells is always present on the line of sight, i.e., the matter of CS shells is distributed uniformly, and this results in a weakening of the star brightness by 0.08{0.17 mag. Computation of synthetic stellar spectra is required in order to increase the accuracy of these relations.
